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ABSTRACT 


This  report  describes  the  design  and  synthesis  of  a  hologram 
camera  and  reconstruction  system  for  measuring  particle  sizes  in 
the  3  to  1000-p  range  in  explosively  generated  aerosols.  The  objec¬ 
tive  was  to  measure  a  volume  of  high  velocity  particles  in  situ.  The¬ 
oretical  resolution  requirements  and  design  details  concerning  10 
camera  configurations  with  magnifications  from  1  to  25X,  capable 
of  resolving  particles  from  3.5  to  1000  p,  are  discussed.  The  de¬ 
sign  of  a  laser  collimator  to  provide  a  20  nsec  illumination  source 

3  3 

is  described.  Aerosol  sample  volumes  from  6.  75  mm  to  256  cm 
were  reconstructed  from  individual  photographs.  Recommendations 
for  further  refinement  of  this  working  system  are  included. 
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CHAPTER  1 


INTRODUCTION 
SUMMARY  OF  OBJECTIVE 

The  Physical  Optics  Department  at  Technical  Operations  Research  has  been 
engaged  in  developing  the  use  of  hologram  techniques  for  particle  size  determina¬ 
tion  since  early  in  1963.  Prototype  instrumentation  was  developed  for  the  Air 
Force  under  contract  numbers,  AF  19(604)-6661  and  AF  i9(628)-3813,  resulting 
in  successful  measurements  of  naturally  occurring  fog.  The  purpose  of  the  project 
that  is  described  in  this  report  was  to  extend  these  techniques  and  methods  to 
design,  fabricate,  install,  and  test  a  hologram  camera  for  the  assessment  of  explo¬ 
sively  generated  aerosols  at  Edgewood  Arsenal.  This  goal  has  been  achieved,  and 
the  apparatus  is  currently  being  operated  by  Edgewood  Arsenal  personnel.  Already, 
significant  data  have  been  obtained  but  have  not,  as  yet,  been  fully  studied  and 
analyzed. 

In  this  report  we  Iriefly  discuss  the  Fraunhofer  hologram  and  its  relationship 
to  other  hologram  techniques  and  then  review  the  principle  of  the  hologram  tech¬ 
nique  for  particle  size  determination.  The  major  portion  of  the  report  is  devoted 
to  a  detailed  descriotion  of  the  hologram  camera  apparatus  and  its  operation,  and 
to  a  discussion  of  its  potential  in  the  light  of  significant  preliminary  results. 

HOLOGRAMS 

Since  the  initial  discovery  and  work  on  holograms  in  1948  by  Gabor,  *  consider¬ 
able  advances  in  technique  have  come  about  due  to  the  availability  of  light  sources 
with  increased  temporal  as  well  as  spatial  coherence.  Both  gas  and  ruby  lasers 
have  been  employed  in  the  formation  of  the  hologram,  and  gas  lasers  have  been 
used,  almost  exclusively,  in  the  reconstruction  process. 

The  hologram,  or  wave -front,  reconstruction  method  is  basically  a  two-step 
photographic  imaging  process.  In  Gabor's  work,  the  hologram  (word  used  by  Gabor 
to  describe  the  intermediate  photographic  record  that  consists  of  a  diffraction  pat¬ 
tern  plus  a  coherent  background)  was  formed  by  the  interference  between  the  dif¬ 
fracted  radiation  in  the  Fresnel  region  and  the  coherent  background.  Hence, 
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the  term  "Fresnel  hologram"  is  used  to  distinguish  it  from  the  ones  of  interest  in 
this  report  —  the  Fraunhofer  (far-field)  holograms. 

2  3  4 

In  the  Fresnel  holograms  investigated  by  Gabor  ’  and  Rogers,  the  clarity 

of  the  reconstruction  was  limited  by  the  troublesome  virtual  image.  Following  the 

5  6  7 

work  of  Gabor,  however,  many  investigators  (El -Sum,  ’  and  Baez  and  El -Sum, 

among  others)  directed  their  efforts  towards  removing  the  extraneous  image.  More 

8  9  10  11 

recently,  other  workers,  including  Lohmann,  Leith  and  Upatnieks,  ’  ’ 

12  13  14  15 

Vander  Lugt,  and  Stroke  and  Falconer,  ’  ’  used  a  two-beam  interferometer 

technique  to  produce  an  angular  separation  of  the  real  and  virtual  images.  Hence, 
the  desired  reconstructed  image  can  be  formed  without  the  usual  deterioration  from 
the  conjugate  image.  All  of  these  workers  used  Fresnel  holograms,  and  the  subject 

is  well  covered  in  the  literature  including  a  number  of  popular  articles  (Scientific 

16  1 7 

American,  International  Science  and  Technology,  ). 

20 

The  "Fraunhofer  hologram"  was  introduced  by  Thompson  and  is  of  particular 

importance  since  it  provides  the  basis  for  a  new  and  valuable  technique  in  the  par- 

18-22 

tide  size  determining  field  as  initially  discussed  by  Thompson,  et  al. 

23  °4 

Further  fundamental  studies  have  been  carried  out  by  Reynolds  °  and  DeVelis.  “ 

A  summary  of  the  principles  of  the  hologram  technique  for  particle  size  determina  - 
tion  follows . 


FRAUNHOFER  (FAR-FIELD)  HOLOGRAMS 

A  Fraunhofer  diffraction  pattern  is  strictly  formed  when  the  point  of  observa¬ 
tion  is  infinitely  distant  from  the  illuminated  object.  Approximations  tc  this  situation 

are  made  by  either  the  use  of  a  lens  or  by  making  an  approximation  to  infinity,  the 

25 

so-called  far-field  condition  (see,  e.g.,  Born  and  Wolf  ).  It  is  the  latter  condition 
which  is  used  here;  i.e. ,  the  distance  from  the  source  to  the  diffracting  aperture 
z'  ,  and  from  the  diffracting  aperture  to  the  plane  of  observation  z,  is  such  that 
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where  £  and  r\  are  the  coordinates  of  a  general  point  in  the  diffracting  aperture, 
and  X  is  the  wavelength  of  the  incident  wave.  If  these  conditions  are  satisfied,  we 
define  the  hologram  as  a  Fraunhofer,  or  far-field,  hologram.  This  is  not  merely 
a  trivial  or  semantic  distinction;  in  fact,  the  second  condition  gives  rise  to  an 
additional  phase  term  that  is  fundamental  to  the  reconstruction.  A  detailed  analy¬ 
sis,  both  theoretical  and  experimental,  of  this  process  is  given  in  Refs.  18  and  19; 
therefore,  we  shall  only  briefly  outline  here  the  basic  principles  involved. 

In  the  formation  process,  the  interference  between  the  Fraunhofer  diffraction 
from  the  object  and  the  coherent  quasi -monochromatic  incident  beam  is  recorded 
in  the  hologram  plane  (3ee  Figure  1(a)).  If  the  photographic  process  is  correctly 
controlled,  and  the  hologram  is  placed  in  the  position  shown  in  Figure  1(b),  the 
amplitude  transmission  contains  as  its  significant  term  a  product  of  the  Fourier 
transform  of  the  object  distribution  with  a  factor  that  describes  an  effective  Fresnel 
lens. 
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Figure  1 .  Recording  and  Reconstruction  of  Fraunhofer  Holograms 
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The  mathematical  formulation  of  the  problem  can  be  stated  as  a  boundary-value 
problem.  Let  a  coherent,  quasi-monochromatic  plane  wave-front  be  incident  on  a 
diffracting  object  whose  amplitude  distribution  is  described  by  D(I),  where  f  is  the 
position  vector  in  object  space.  (It  is  not  essential  that  we  limit  ourselves  to  planar 
objects;  in  fact,  some  of  the  more  interesting  properties  of  holograms  arise  from 
the  study  of  objects  distributed  in  three  dimensions.  The  limitation  to  plane  waves 
for  the  incident  radiation  is  also  not  necessary,  but  it  simplifies  the  mathematics 
and  serves  to  illustrate  the  essential  features. )  This  diffraction  problem  can  be 
solved  to  yield  an  intensity  distribution  I(x)  in  the  hologram  recording  plane  given 

by 
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sin 
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where  D  is  the  Fourier  transform  of  the  original  object  distribution,  x  is  the  posi- 

2ir 

tion  vector  in  the  recording  plane,  k  =  —  is  the  wave  number,  z  is  the  distance 

A 

from  the  diffracting  object  to  the  hologram  recording  plane,  and  \  is  the  wavelength 
of  the  light  used.  The  second  term  in  Eq.  (1)  involves  the  product  of  the  amplitude 
associated  with  the  Fraunhofer  pattern  of  the  object  with  a  sine  function  which  is 
independent  of  the  size  of  the  object.  This  term  then  represents  the  interference 
between  the  Fraunhofer  diffraction  from  the  object  and  the  coherent  background, 

1  8 

Many  examples  and  experimental  verification  of  Eq.  (1)  are  found  in  the  literature 

Examination  of  Eq.  (1)  shows  that  the  first  term  is  the  largest,  and  the  third, 
the  smallest.  If  the  gamma,  -y,  of  the  photographic  process  is  properly  controlled 
and  the  terms  in  1/z  are  considered  to  be  small  compared  to  the  background  term, 

Eq.  (1)  can  be  expanded  and  the  amplitude  transmission,  t(x),  in  the  hologram  nega¬ 
tive,  is  given  by 


t<x)  =  1  + 


J&oCf'js*"? 

2?rz  \Xz  J  2z 


(2) 


The  reconstruction  is  accomplished,  as  indicated  in  Figure  1(b),  by  illuminating 
the  hologram  negative  with  a  coherent  quasi-monochromatic  beam  of  ’ight  which  again 
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is  chosen  to  have  a  plane  wave-front.  (This  restriction,  as  already  pointed  out,  is 
not  necessary;  in  addition,  the  wavelength  need  not  be  the  same  as  that  of  the  holo¬ 
gram  forming  radiation.) 

Using  the  Sommerfeld  method  of  Green's  function,  the  intensity  distribution  in 
the  reconstructed  image  can  be  expressed  as 


1(1)  =  1  +  yD({)  + 


(3) 


This  result  indicates  that  the  original  object  distribution  is  recovered. 

In  the  following  chapters,  we  shall  discuss  in  detail  the  incorporation  of  these 
basic  principles  into  a  working  system. 
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CHAPTER  2 


HOLOGRAM  RECORDING  SYSTEM  COMPONENTS 

The  hologram  recording  system  consists  of  a  Lear  Siegler  Model  LS-100  laser 
light  source,  a  laser  light  tube,  and  a  camera,  as  shown  in  Figure  2. 


Figure  2.  Hologram  Camera  and  Laser  Light  Source 

The  camera  is  designed  to  be  mounted  inside  an  explosive  test  chamber  within  1  ft 
of  an  explosive  aerosol  disseminator.  The  laser  is  mounted  external  to  the  cham¬ 
ber;  the  laser  beam  is  collimated  and  directed  to  the  picture  volume  through  an  8-ft 
laser  light  tube.  All  components  in  this  system  are  located  on  a  common  longi¬ 
tudinal  axis.  The  picture  volume  is  located  immediately  in  front  of  the  camera. 
Figure  3  is  a  block  diagram  of  the  hologram  recording  system. 

Briefly,  the  function  of  the  various  system  components  is  as  follows.  The  laser 
generates  a  short,  intense,  quasi-monochromatic  pulse  of  light.  Two  light  stops 
prevent  pump  light  and  light  from  extraneous  laser  modes  from  entering  the  laser 
collimator.  The  laser  collimator  has  the  dual  function  of  expanding  the  beam  of 
light  to  cover  the  picture  volume  uniformly  and  of  producing  a  spatially  coherent 
field.  A  neutral  density  filter  is  used  to  vary  the  intensity  of  the  collimated  beam 
to  control  the  exposure.  The  laser  light  tube  provides  a  helium-filled,  non-turbulent, 
non- scattering  path  for  light  to  travel  to  the  picture  volume.  The  camera  lens  sys¬ 
tem  records  (on  film)  holograms  of  objects  located  in  the  picture  volume.  A  flash 
filter  located  inside  the  camera  allows  passage  of  the  laser  light  but  absorbs  the 
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OBJECTIVE 


Figure  3.  Block  Diagram  of  Hologram  Recording  System 


light  from  the  explosive  and  most  of  the  light  that  is  generated  by  other  auxiliary 
light  sources.  Glass  flats  protect  the  camera  lens  from  the  force  and  contamination 
of  the  blast.  A  camera  control  unit  provides  remote  control  and  monitoring  of  the 
shutter  and  film  magazine. 
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CHAPTER  3 


LASER  LIGHT  SOURCE 
LASER  OPERATION 

GENERAL  DESCRIPTION 

The  light  source  for  the  camera  consists  of  a  pulsed  ruby  laser  that  has  a  peak 
output  of  10  MW  and  a  pulse  duration  of  20  nsec.  Figure  4  shows  the  internal  con¬ 
figuration  of  the  laser.  The  active  parts  include:  a  ruby  rod,  a  flash  lamp,  a  total 
internal  reflecting  prism,  a  Uranyl  glass  Q-switch,  and  a  sapphire  partially-reflecting 
window  that  forms  both  ends  of  the  folded  resonant  laser  cavity.  Thus,  the  light  out¬ 
put  from  both  ends  of  the  ruby  rod  emerges  from  nearly  the  same  spot  on  the  sapphire 
window.  The  sapphire  window  is  composed  of  two  interferometrically  spaced  flats 
that  reflect  66%  of  the  incident  energy  at  6943  X .  The  reflectivity  peaks  are  sepa¬ 
rated  by  approximately  1  X,  which  reduces  the  beam  divergence  from  the  ruby  rod 
by  a  factor  of  three.  The  resulting  output  beam  divergence  is  less  than  1.5  mrad. 

The  ruby  rod  is  1/4  in.  in  diameter  and  3  in.  long  with  the  ends  cut  at  the 
Brewster's  angle.  A  helical  flash  lamp  surrounds  the  ruby  rod.  The  helical  lamp, 
in  turn,  is  surrounded  by  a  rhodium  plated  cylindrical  >-eflector. 

The  Uranyl  glass  Q-switch  is  placed  in  the  resonant  cavity  between  the  sapphire 
flat  and  the  ruby  rod.  The  flash  lamp  couples  energy  to  the  ruby  *v>d  and  to  the  Q- 
switch.  The  Q-switch  is  then  pumped  up  to  an  energy  level  that  depends  on  its 
coupling  to  the  flash  lamp.  When  the  laser  energy  in  the  cavity  reaches  this  level, 
the  Q-switch  becomes  transparent  and  the  sapphire  flat  will  allow  34%  of  the  energy 
in  the  resonant  laser  beam  to  become  usable  output. 

Q-SWITCH  OPERATION 

The  Q-switch  is  a  solid  state  component  that  consists  of  a  single  piece  of  Uranyl 
glass  Figure  5  shows  an  energy  level  diagram. 

Under  ambient  conditions,  the  Q-switch  has  essentially  no  absorption  at  the 
laser  frequency.  When  the  flash  lamp  is  set  off,  however,  the  Q-switch  is  pumped 
to  the  metastable  level  where  it  can  absorb  photons  at  the  ruby  frequency.  A  typical 
absorption  versus  lime  curve  is  shown  in  Figure  6. 
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Q-switch  despite  all  the  energy  that  it  absorbs,  because  this  energy  leaves  the 
Q-switch  when  the  atoms  return  to  the  ground  state. 

This  system  is  arranged  so  that  the  laser  pulse  occurs  when  the  absorption  of 
the  Q-switch  is  on  the  linear,  rising  portion  of  the  curve.  This  allows  the  output 
energy  to  be  varied  over  a  ten-to-one  range  by  varying  the  power  to  the  flash  lamp. 
This  type  of  Q-switch  has  minimum  output  pulse  jitter  because  the  absorption 
varies  with  population  inversion,  and  firing  occurs  during  the  fast  rising  portion  of 
the  absorption  curve. 

OUTPUT  POWER  AND  PULSE  CHARACTERISTICS 

The  ruby  laser  may  be  operated  in  a  sipgle-spike  or  multiple-spike  mode  with 
a  total  energy  per  shot  that  can  be  varied  from  approximately  0.01  to  0. 1  J.  The 
total  output  (in  Joules)  may  be  regulated  by  a  front  panel  control  that  sets  the  charg¬ 
ing  voltage  on  the  flash-lamp  capacitor  bank.  At  a  given  capacitor  bank  voltage  or 
pump-power  output  level,  single-spike  or  multipie-spike  laser  outputs  may  be 
obtained  by  operating  the  ruby  at  appropriate  ambient  temperatures.  At  a  given 
power  level,  a  low  temperature  favors  production  of  multiple-spike  output;  a  high 
temperature,  single -spike  operation.  If  the  temperature  is  excessive,  the  lase> 
will  not  fire  because  the  laser  energy  will  not  be  sufficient  to  overcome  the  Q-switch 
'  absorption.  It  is  desirable  to  operate  the  ruby  well  above  the  usual  ambient  tem- 

’  peratures  that  may  be  encountered  and  at  a  reasonable  power  output.  Operating 
^  o 

Conditions  of  43.5  C  and  3800  V  have  been  found  to  produce  a  single -spike  output 
having  a  peak  power  of  5  MW  and  a  pulse  length  of  20  nsec,  which  is  a  total  energy 
of  100  mJ.  Operating  temperature  is  reached  within  about  1  min  when  the  ambient 
temperature  is  72°F  and  the  humidity  is  50‘T.  Equilibrium  at  lower  temperatures 
and  higher  humidities  will  take  longer. 

The  ruby  temperature  is  monitored  by  a  thermistor  bridge  that  controls  a  heater 
to  maintain  the  ruby  at  the  specified  temperature  above  ambient.  Thermal  equilibri¬ 
um  is  maintained  by  an  electric  heater  and  a  high-velocity  cooling  air  suream. 
Although  the  laser  has  an  automatic  system  to  control  the  ruby  temperature,  a 
mercury  thermometer  has  been  supplied  to  visually  monitor  the  temperature 


12 


The  peak  pulse-power-reproducibility  specification  of  the  laser  manufacturer 
is  plus  or  minus  lO'f.  or  less  than  0.05  log  exposure  units.  The  over-all  effect  of 
this  change  in  laser  peak  power  would  cause  a  variation  in  contrast  of  10lI  in  the 
reconstructed  image,  because  the  reconstructed  image  will  have  a  contm&i  factor 
of  one-half  gamma  although  the  hologram  film  is  processed  to  a  photographic 
gamma  of  2. 

The  power  output  of  a  pulsed  laser  may  be  monitored  with  a  commercial  instru¬ 
ment,  such  as  the  Lear  Siegler  Model  MI-2  Laser  Energy  Monitor.  This  instrument 
measures  the  total  laser  energy  by  using  a  calibrated  photodiode  in  series  with  a 
fixed  capacitor  and  a  charging  voltage.  The  photodiode  conducts  only  during  the 
laser  output  to  charge  the  capacitor.  The  total  capacitor  charge  (in  volts)  can  be 
related  to  the  total  laser  energy  output  with  an  accuracy  of  plus  or  minus  20lir. 

The  velocity  of  the  paiticies  to  be  photographed  determines  the  necessary  pulse 
length  or  exposure  time.  If  we  use  the  criteria  that  the  particle  will  not  move  more 
than  one-tenth  of  its  mean  diameter  during  the  exposure  time,  the  required  pulse 
length  (t)  can  be  computed  and  plotted  as  a  function  of  velocity  and  particle  size,  as 
shown  in  Figure  7.  The  useful  region  is  that  portion  under  the  curve.  For  faster 
moving  particles,  the  record  on  film  will  have  the  appearance  of  a  streak.  The 
dimension  of  the  particle  perpendicular  to  the  direction  of  motion  can  still  be 
obtained,  however. 

The  pulse  length  can  be  monitored  with  a  high-frequency  oscilloscope  that  is 
attached  to  a  laser  energy  meter  or  to  the  simple  photodiode  pulse  monitor  shown 
in  Figure  8.  Because  the  laser  pulses  have  extremely  short  rise  times  and  dura¬ 
tions,  significant  measurement  errors  will  arise  as  a  result  of  the  shunting  capacity 
of  the  oscilloscope  and  the  limited  rise  time  of  the  oscilloscope  amplifiers  Curves 
supplied  by  the  manufacturer  of  the  photodiode  (Edgerton,  Germeshausen  and  Grier, 
Inc. )  can  be  used  to  evaluate  graphically  the  effect  of  the  shunting  capacity  and 
limited  oscilloscope  bandwidth  on  the  laser  pulse  measurements 
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Figure 
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Variation  of  Allowable  Velocity  Versus  Particle  Diameter 


SD-100 

PHOTODIODE 


Figure  8.  Pulse  Length  Monitor 


INSPECTION  AND  ALIGNMENT 


CAUTION:  The  laser  power  source  contains  a  high-voltage  power  supply  and 
storage  capacitor  bank  that  can  produce  and  store  lethal  electrical  potentials. 
Electrical  component  failure  or  line  power  failure  can  discharge  the  storage  capac¬ 
itor  bank  that  will  result  in  unexpected  laser  light  output  and  cause  retinal  damage 
from  exposure  to  high -power  laser  beams. 

The  optical  components  of  the  laser  may  be  inspected  after  disconnecting  the 
laser  head  from  all  power  cables  and  removing  the  cover  plate.  An  inspection 
mirror  may  be  used  to  check  that  the  sapphire  window  is  clean,  that  the  Q-switch 
and  prism  are  unpitted,  and  that  both  faces  of  the  ruby  rod  are  polished  and  clear. 

Optical  alignment  of  the  laser  head  may  be  checked  externally  without  dis¬ 
assembly  of  the  laser  head  by  using  a  small  CW  laser  with  an  output  of  about  1  mW 
and  a  piece  of  cardboard  (see  Figure  9).  A  test  beam  that  is  parallel  to  the  ruby 
axis  will  show  reflections  of  the  prism  and  sapphire  window  imaged  back  on  the  test 
source  if  the  laser  is  properly  aligned.  Briefly,  the  alignment  procedure  is  as 
follows: 

1 .  To  ensure  a  parallel  beam,  adjust  the  test  beam  so  that  it 
enters  the  center  of  the  sapphire  flat  when  the  laser  is  moved 
along  a  flat  surface  over  a  distance  of  1  ft  and  10  ft  from  the 
flat. 

2.  Observe  both  Brewster  faces  on  the  ruby  rod  to  ensure  that 
the  test  beam  is  near  the  center  of  the  rod.  (A  small  piece 

of  paper  placed  against  the  ends  of  the  rod  will  make  the  posi¬ 
tion  of  the  test  beam  easy  to  see. ) 

3.  Find  the  reflections  of  the  prism,  Q-switch,  and  sapphire  flat 
that  are  imaged  back  toward  the  test  source.  (Passing  a  piece 
of  paper  in  front  of  the  Q-switch  and  the  prism  will  identify 
the  images.) 

4.  Center  the  reflection  from  the  sapphire  flat  back  upon  the 
alignment  or  test  source  by  adjusting  the  4  Allen  head  screws 


Figure  9.  Laser  Aligr.:»"i3 


around  the  laser  beam  output  port.  (These  screws  control 
the  pressure  of  the  sapphire  flat  against  an  "O"  ring.) 

5.  Center  the  reflection  from  the  prism  back  upon  the  test 
source. 

6.  To  avoid  interfering  reflections  within  the  cavity,  the  reflected 
image  of  the  Q-switch  should  be  located  off-axis;  the  exact 
location  is  unimportant. 

LASER  BEAM  COLLIMATOR  AND  LASER  LIGHT  TUBE 

At  the  sapphire  resonant  reflector,  the  mode  patterns  of  both  ends  of  the  folded 
resonant  laser  cavity  appear.  The  function  of  the  laser  beam  collimator  is  to  take 
one  of  these  output  patterns  and  produce  a  uniform  intensity  beam  that  is  well- 

♦ 

collimated  and  that  has  a  degree  of  coherence  of  0.88  over  a  coherence  interval  of 
at  least  1  cm  within  the  picture  volume.  The  resolution  requirement  that  imposes 
the  specification  on  spatial  coherence  is  discussed  in  Chapter  5. 

96 

Kilcoyne-  studied  the  properties  of  multimoding  pulsed  ruby  lasers  by  taking 
high-speed  photographs  to  analyze  the  mode  patterns  that  are  present  in  a  single 
output  beam.  He  reports  a  fringe  visibility  of  0.66  for  slits  with  1.52-mm  spacing. 
When  the  ruby  was  pumped  to  threshold,  the  spatial  coherence  was  independent  of 
the  spacing  between  the  laser  and  the  slits  that  were  used  to  measure  fringe  visi¬ 
bility.  When  the  laser  was  pumped  7^  over  threshold,  multiple  spikes  were  gener¬ 
ated  and  the  fringe  visibility  measured  at  a  distance  of  30  cm  from  the  laser  was 
0. 15.  The  fringe  visibility  at  130  cm  was  0.45,  and  the  curve  rose  with  increasing 
distance.  It  was  also  found  that  beam  divergence  increased  for  single-spike  output, 
indicating  a  smaller  effective  source  size  than  that  of  the  multiple -spike  output. 
From  tnese  experimental  results,  one  may  conclude  that  the  coherence  interval  of 
a  carefully  aligned  ruby  laser  operating  in  a  single-spike  mode  is  about  1  mm  at 
the  output  of  the  laser.  If  the  output  beam  is  enlarged  with  a  ten  power  telescope, 
the  resulting  beam  will  be  well -collimated  with  a  coherence  interval  of  1  cm,  which 


The  coherence  interval  is  defined  here  as  the  separation  of  two  points  for 
which  the  degree  of  coherence  is  0.  88. 


is  sufficient  for  all  lens  systems  supplied  with  the  hologram  camera  except  the  IX 
magnification  system.  For  the  IX  system,  additional  spatial  coherence  and  beam 
size  are  provided  by  changing  the  collimator  eyepiece  to  provide  a  30X  telescopic 
collimator.  Simple  non -cemented,  plano-convex  lenses  have  been  found  satisfactory 
for  the  collimating  telescope.  Cemented  lenses  deteriorate  rapidly  in  high  energy 
laser  beams,  because  the  cement  absorbs  energy  and  changes  the  refractive  index 
by  destroying  the  seal  between  elements  of  the  lens. 

The  distance  from  the  laser  to  the  picture  volume  is  approximately  12  ft.  This 
long  path  length  will  tend  to  improve  the  spatial  coherence  of  the  beam  with  the  dis¬ 
tance  traveled  in  the  event  that  the  laser  is  operated  at  over-threshold  conditions. 

Of  course,  over-threshold  operation  produces  multiple  spikes  that  will  result  in  a 
longer  pulse  length.  If  a  particle  does  not  move  more  than  one-tenth  diameter 
during  the  pulse  duration,  the  film  will  record  the  required  hologram. 

The  laser  light  tube  is  fitted  with  optical  flats  on  each  end  to  protect  it 
from  the  blast.  The  tube  is  filled  with  helium  and  maintained  at  a  positive  pressure 
of  approximately  5  psi  so  that  contaminated  atmosphere  does  not  enter  the  light  tube. 
Helium  is  used  in  preference  to  other  common  laboratory  gases,  such  as  nitrogen, 
because  it  has  a  much  simple  .'  atomic  structure  and  the  light  scattering  is  approxi¬ 
mately  one -seventh  that  of  air  or  nitrogen. 

Two  optical  stops  are  provided  between  the  laser  and  the  collimator.  The  first 
stop  is  approximately  1/4  in.  in  diameter  and  is  located  approximately  2  in.  from 
the  las«=r.  This  stop  masks  off  very  divergent  pump  light.  (The  metal  surfaces 
of  smaller  diameter  stops  placed  at  this  point  were  vaporized  by  the  intense  beam 
and,  thereby,  produced  an  undesirable  source  of  contamination  next  to  the  sapphire 
laser  output  reflector. ) 

A  second  stop  0.087  in.  in  diameter  is  located  approximately  12.5  in.  from  the 
laser  output  port.  This  stop  is  positioned  to  select  a  single  output  beam  and  to 
further  block  out  extraneous  pump  light.  For  a  well-collimated  beam,  the  output 
diameter  of  the  beam  will  be  equal  to  the  magnification  of  the  telescope  times  the 
0.087 -in.  aperture  dimension.  The  output  beam  at  the  picture  volume  will  be  slightly 
larger  than  calculated  due  to  beam  divergence. 
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CHAPTER  4 


HOLOGRAM  CAMERA  APPARATUS  AND  CONTROL  UNIT 

GENERAL  DESCRIPTION 

Figures  10  and  11  are  photographs  of  the  camera  and  its  accessories.  The 
assembly  details  are  shown  in  Figure  12. 


Figure  10.  Camera  and  Accessories 


The  camera  enclosure  is  fabricated  of  anodized  aluminum  that  varies  from  1/2 
to  1  in.  in  thickness.  Side  plates  are  secured  by  captive  screws  that  may  be  easily 
removed  without  tools.  The  camera  has  connections  for  a  o-psi  helium  supply  to 
provide  positive  internal  pressure  that  will  prevent  leakage  of  contaminated  gases 
into  the  camera  case. 


Figure  11.  Camera  Magazine  and 
Shutter  Actuator 
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Assembly  of  Laos  Mounts 


i 


Figure  12.  Camera  Assembly 


Shock-mounted  glass  optical  flats  provide  external  lens  protection,  and  all  of 
the  lenses  are  shockmountcd.  The  lens  systems  are  of  modular  construction  and 
can  be  easily  interchanged.  Two  different  types  of  lens  systems,  telescopic  and 
single  lens,  are  provided.  The  telescopic  lenses  are  F  1. 8  systems.  They  use  a 
single  objective  lens,  and  a  choice  of  four  different  eyepiece  lenses,  to  give  mag- 
nifications  of  IX,  3X.  10  X.  and  16  X.  The  objective  lenses  are  coated  for  single 

wavelength  operation  at  6943  R  to  reduce  reflections  that  are  encountered  when  re¬ 
cording  holograms  close  to  the  lens. 

Single  lens  systems  with  F  numbers  of  1. 6  and  0. 95  provide  magnifications 
from  2.9  to  25X.  Short,  medium,  and  long  lens  barrels,  the  internal  surfaces  of 
which  are  coated  with  black  velvet  to  reduce  spectral  reflections,  are  used.  The 
single  lenses  are  recessed  more  deeply  for  additional  blast  protection. 

Table  1  gives  the  various  lens  configurations  and  the  minimum  particle  size 
range  for  each  lens. 

/ 

The  picture  volume  starts  approximately  1/8  in.  in  front  of  the  lens  cap.  In 

/ 

general,  the  camera  will  record  holograms  from  which  particle  reconstructions 
can  be  obtained  over  a  depth  of  field  extending  from  1  f.o  100  far -field  distances 
from  the  front  focal  point  of  the  lens  used.  We  define  one  far-field  distance  as 
equal  to  d“/X  ,  where  d  is  the  mean  diameter  of  the  particle  and  X  is  the  wavelength 
of  laser  light  (6943  R) .  The  hologram  camera  does  not  require  focusing.  Tne  in¬ 
formation  recorded  as  a  part  of  each  hologram  includes  a  focusing  term  on  each 
pattern  so  that  during  the  reconstruction,  each  particle  will  focus  at  its  proper 
location  m  space. 

cm 

Two  film  backs  are  included.  There  is  an  electric  70  mm  (4.  5  x  6*bm  format 
size)  film  transport  for  photographing  expanding  clouds  and  aerosol  decay  studies , 
and  a  4  x  5-in.  Graflok  back  that  can  be  used  with  a  Polaroid  adapter  for  system 
check-out  purposes  or  with  4  x  5 -in.  cut  film  or  plate  holders.  Holograms  made 
with  Kodalith  glass  plates  exhibit  particularly  fine  resolution. 

A  3 -in.  diameter  Ilex  leaf  shutter  is  mounted  near  the  focal  plane.  It  is  used 
to  prevent  unwanted  ambient  illumination  from  fogging  the  film  before  or  after  the 
aerosol  bomb  detonation. 
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A  camera  control  unit  (Figure  13)  is  provided  for  remote  operation  of  the 
shutter  and  film.  The  control  unit  consists  of  a  frame  counter,  ohmmeter  terriiinals 
for  indication  of  shutter  position,  a  lamp  that  indicates  film  winding  or  lack  of 
film,  and  pulse  outputs  for  firing  the  laser  and  Rutherford  delay  generators.  A 
circuit  diagram  of  the  camera  control  system  is  shown  in  Figure  14. 
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CHAPTER  5 


HOLOGRAM  CAMERA  SYSTEM 


RESOLUTION  REQUIREMENTS  AND  SPECIFICATIONS 
LENSLESS  HOLOGRAM  SYSTEM 

The  resolution  requirements  of  a  lensless  hologram  system  can  be  analyzed 
by  determining  the  highest  spatial  frequency  in  cycles  per  millimeter  that  must  be 
stored  on  the  film  that  records  the  hologram.  The  intensity  in  a  hologram  of  a 
particle  made  in  collimated  light  is  given  by  Eq.  (1).  The  second  term  consists  of 
three  multiplicative  factors:  a  constant  term,  a  focusing  term,  and  a  Fraunhofer 


diffraction  term.  The  factor  —  is  a  constant;  sin 

r:z 


Ctr2 ) 


may  be  called  the 


Fresnel  lens  term,  because  it  provides  the  focusing  action  necessary  to  reconstruct 


the  particle  geometries;  and  the  third  factor 


x  \  . 


is  an  envelope  term  which  is 


the  Fraunhofer,  or  far-field,  diffraction  pattern  of  the  particle. 

The  highest  spatial  frequency  in  this  pattern  that  must  be  recorded  in  the  holo¬ 
gram  can  be  found  by  differentiating  the  argument  of  the  Frecnel  lens  term  and  ex¬ 
pressing  the  result  in  terms  of  particle  diameter  of  the  object  and  the  distance  at 
which  the  hologram  is  nu.de.  By  differentiating  the  Fresnel  lens  term,  we  find  that 
the  maximum  spatial  frequency  F,  ,  as  a  function  of  the  position  vector  x,  is 


-(£)- 


This  maximum  frequency  wuulo  .  equire  a  lens  with  diameter 


D  =  2x  = 


where  D  is  the  effective  diameter  of  the  lens  and  l 

max 

in  lines  per  millimeter. 


is  the  resolution  of  the  film 


Furthermore,  the  effective  F  number  of  such  a  Fresnel  lens  is 


F  =  — 

number  D 

In  this  example,  f  =  z  and  k  =  (2jr)/X  . 
this  lens  can  resolve  is 


zk 


4z  t  At 

max  max 


(6) 


The  minimum  particle  diameter,  S  ,  that 


S,  =  2F  .  X 
d  number 


therefore, 


max 


(?) 


And  the  resolution  of  a  lensless  hologram  system  is  dependent  only  on  the  resolu¬ 
tion  of  the  film  used  to  make  the  hologram. 

Spatial  and  Temporal  Coherence  Effects  on  Resolution:  Determination  oi 
Picture  Volume 

In  hologram  photography,  three  parameters  of  the  illumination  are  significant: 

1  The  intensity  of  the  illumination  (must  be  sufficient  to  allow 
proper  film  exposure) 

2.  The  spatial  coherence  as  characterized  by  the  coherence 
interval  of  the  illumination 

3.  Temporal  coherence  (spectral  purity  as  characterized  by  the 
coherence  length  of  the  illumination) . 

A  detailed  mathematical  analysis  of  the  effect  of  both  spatial  and  temporal  co- 
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herence  has  been  carried  out  by  Reynolds.  “  Here  we  shall  attempt  to  give  an 
intuitive  discussion  of  these  effects. 

The  mathematical  derivation  of  the  intensity  distribution  in  a  Fraunhofer  holo¬ 
gram  assumes  that  the  light  involved  in  producing  the  hologram  has  nearly  perfect 


spatial  and  temporal  coherence.  In  practice,  the  light  is  partially  coherent,  and 
the  contrast  of  rings  in  the  pattern  will  be  lower  than  that  for  the  case  of  perfect 
coherence.  The  light  should  be  coherent  over  the  region  of  the  hologram,  but  a 
better  defined  criterion  would  be  desirable.  The  effect  of  spatial  coherence  can 
be  included  in  the  iotal  transfer  function  of  the  system.  Spatial  coherence  is  char¬ 
acterized  in  a  plane  perpendicular  to  the  axis  of  propagation  by  the  coherence 
interval. 

Consider  the  case  where  a  hologram  is  made  at  many  far-field  distances  from 
the  particle  (Figure  15).  One  then  may  say  that  the  intensity  at  any  point  in  the 
hologram  arises  from  the  interference  between  a  diffracted  wave  coming  from  the 
particle  and  an  undisturbed  background  wave. 


Assuming  that  the  quasi -monochromatic  approximation  is  applicable,  the  con¬ 
trast  of  the  rings  at  x  will  be  decreased  bv  a  factor,  y^fo),  where  >‘j0(o)  is  the 


* 

Light  that  consists  of  spectral  components  over  a  frequency  range  A  i>  which  is 
small  compared  to  the  mean  frequency  v  and  for  which  path  differences  do  not  exceed 
c/Av  is  considered  to  be  quasi -monochromatic.  2? 


decree  of  coherence  between  two  points  in  the  object  plane  separated  by  a  distance 
y .  Therefore,  whenv  is  a  function  of  separation  only,  we  shall  use  the  notation, 
Vj.7(o)  =  y(x).  The  spatial  frequency  of  the  rings,  L,  is  given  by 


Thus,  the  decrease  i:i  contrast  can  be  expressed  as  a  function  of  the  spatial 
frequency. 

In  any  hologram  camera,  there  will  be  a  maximum  depth  of  field  that  will 
determine  the  limit  on  frequency  response  due  to  spa 'dal  coherence  Lack  of  com¬ 
plete  coherence  severely  limits  the  resolution  of  smaller  particles  that  require 
higher  frequency  to  be  recorded.  The  limiting  resolution  condition  is  that  for  the 
smallest  particle  at  the  largest  z  distance  (this  is  also  the  situation  when  the  far- 
field  assumption  best  applies).  Let  us,  for  instance,  demand  that  the  degree  of 
coherence  between  the  light  which  interferes  to  form  a  hologram  ring  be  0.88  or 
higher: 


y(x)  =  0.88  , 


where 


x  --  LX  2  .  (SI 

Then,  for  a  z  distance  of  1  cm,  a  coherence  interval  of  1  mm.  an  i  a  wavelength  of 
6843  %,  a  resolution  of  143  lines/mm,  theoretically,  can  be  obtained.  This  result 
still  holds  if  the  object  volume  is  magnified.  This  analysis  predicts  that  spatial 
frequency  response  varies  inversely  as  the  depth  of  field,  z,  and  directly  as  the 
coherence  interval,  x. 

A  light  wave  exhibits  time  coherence  to  the  degree  that  there  is  a  correlation 
between  the  amplitude  of  the  wave  at  a  given  time  and  at  some  later  time.  A  single 
frequency  represents  the  maximum  of  time  coherence. 


29 


This  condition  is  well  satisfied  by  the  ruby  laser,  which  has  a  bandwidth  of 
approximately  1  X.  At  a  z  distance  of  10  cm.  AX  must  be  less  than  1  X.  This 
limits  recording  holograms  of  particles  smaller  than  65  u  over  greater  distances. 

For  the  hologram  camera  system,  the  collimator  is  designed  to  make  the 
coherence  interval  equal  to  1  cm  in  the  picture  volume  for  all  lens  systems  except 
the  IX  magnification  system,  which  has  a  coherence  interval  of  3  cm.  Under  these 
conditions,  the  effects  of  spatial  and  temporal  coherence  are  comparable 

COMBINING  LENS  SYSTEMS  AND  HOLOGRAM  SYSTEMS 

Although  lensless  hologram  camera  systems  work  very  well  for  recording  a 
limited  range  of  particle  sizes,  hybrid  systems  that  use  lenses  and  the  principles 
of  hologram  photography  have  the  combined  advantages  of  both  techniques.  Lenses 
in  hologram  systems  can  be  used  for  two  purposes.  The  first  purpose  is  to  trans¬ 
fer  the  hologram  image  to  the  film  plane  conveniently,  so  that  shutters  and  filters 
may  be  interposed.  In  such  a  transfer  lens  system,  the  film  is  exposed  in  a  clean 
protected  environment,  which  is  of  primary  importance. 

The  second  reason  for  using  lenses  in  hologram  systems  is  to  magnify  or 
demagnify  the  sample  volume  so  that  the  image  that  is  recorded  on  film  matches 
the  resolution  capability  of  the  film  in  lines  per  millimeter.  For  example,  if  the 
detail  in  the  picture  volume  contains  information  that  requires  1000  lines/mm  to 
record,  and  the  film  used  can  resolve  only  100  lines/mm  at  a  reasonable  contrast, 
a  suitable  lens  system  can  be  used  to  magnify  the  picture  volume  by  10  times  so 
that  the  detail  recorded  on  the  film  is  only  100  lines/mm.  The  highest  spatial  fre¬ 
quency,  or  conversely,  the  smallest  detail  that  a  lens  system  can  resolve  is  equal 
to  the  product  of  the  F  number  of  the  lens  and  the  wavelength  of  the  light  that  is  used 
(see  Eq.  (6)).  The  product  FX  is  the  diffraction  spot  radius  of  a  diffraction-limited 
optical  system.  If  such  a  lens  is  focused  on  objects  that  are  smaller  than  the  dif¬ 
fraction  spot,  the  lens  will  pass  a  filtered  image  of  the  object,  and  the  size  of  this 
filtered  image  of  the  unresolvable  object  will  be  equal  to  the  diffraction  spot  of  the 
lens.  As  a  practical  consequence  of  the  extremely  high  resolution  requirements  of 
small  particle  hologram  recording  systems,  lenses  of  the  lowest  obtainable  F 
number  are  used 
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The  design  of  optical  systems  for  hologram  recording  involves  matching  the 
resolution  of  the  film  to  the  frequency  response  of  the  lens  by  selecting  the  optimum 
magnification  that  will  record  the  spatial  frequencies  that  are  present  in  the  scene 
or  the  object. 

Frequency  Response  for  Particle  Sire  Edge  Detail 


In  relating  particle  size  to  lenf.  and  film  requirements  that  are  necessary  to 
reproduce  a  reconstructed  particle  with  good  edge  detail,  it  is  instructive  to  look 
at  the  mathematical  expression  for  the  diffraction  term  in  the  hologram  that  records 
the  projected  area  of  the  particle.  This  term  is  from  Eq.  (1), 


where  D  is  the  Fourier  transform  of  the  original  object  distribution.  When  the 
original  object  is  a  particle  of  circular  cross  section,  the  Fourier  transform  D 
will  be 

A  f  *> 


where 

=  Bessel  function  of  the  first  kind  divided  by  its  argument 
x  =  position  vector  in  the  recording  plane 

z  =  distance  at  which  the  hologram  was  made 

X  =  mean  wavelength  of  radiation. 

Figure  16  illustrates  the  frequency  components  for  edge  detail,  (a)  shows 
an  elemental  particle  with  projected  area  B^;  (b),  the  transform  recorded  in  the 
hologram  plane;  and  (c),  a  two-dimensional  graph  of  the  Bessel  function  plotted  on 
log  amplitude  versus  log  freque.  y  coordinates.  For  practical  purposes,  it  is 
sufficient  that  spectra  containing  an  appreciable  amount  of  energy  be  recorded. 
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(For  further  discussion  of  this  subject,  see  Born  and  Wolf,  p.  420  et  seq. )  Fig¬ 
ure  16(c)  shows  that  nearly  all  of  the  energy  in  the  Bessel  function  is  contained  in  the 


LOG  FREQUENCY 


(C) 

Figure  16.  Frequency  Components  for  Edge  Detail 

spatial  frequency  band  that  includes  the  first  4  harmonics.  Moreover,  the  amplitude 

\ 

of  the  higher  frequency  components  falls  off  with  a  slope  of  -1.5.  This  means  that 
the  amplitude  as  a  function  of  frequency  is  falling  oil  at  the  rate  of  approximately 
9  dB  per  octave.  In  a  single  octave,  the  amplitude  of  higher  frequencies  will  be  down 
by  a  factor  of  0. 126.  The  amplitude  variation  of  frequency  components  over  a  4  to 
1  frequency  range  is  approximately  IS  dB. 

3 

Gabor  has  shown  that  a  gamma  of  2  must  be  achieved  in  the  hologram  develop¬ 
ment  process,  because  the  contrast  in  the  final  reconstruction  is  equal  to  1/2  gamma. 
Although  an  amplitude  range  of  ix  dB  is  present  in  the  hologram  image,  the  gamma 
of  2  development  process  makes  the  recorded  hologram  have  a  dynamic  amplitude 
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range  of  36  dB.  The  linear  dynamic  range  that  one  can  obtain  with  available  film 
at  a  gamma  of  2  is  about  2  density  units  which  are  sufficient  to  store  a  40  dB  ampli¬ 
tude  variation .  Therefore,  the  exposure  requirements  deserve  careful  nUcnti  > 
order  to  achieve  best  results.  The  lenses  and  film  in  the  hologram  recording  and 
reconstruction  system  must  be  able  to  pass  the  first  4  harmonics  of  the  particle  diam¬ 
eter  (or  of  its  projected  area).  For  computation  of  the  smallest  particle  that  can  be 
resolved  by  a  given  lens  and  film  combination,  experience  has  shown  that  systems 
must  be  designed  to  include  resolution  of  the  first  7  harmonics.  These  criteria  are 
used  in  Table  1  to  specify  the  smallest  particle  that  a  given  lens  and  film  combination 
will  resolve  with  good  edge  detail .  These  resolution  criteria  have  been  developed  for 
small  particles;  of  course,  any  larger  particles  will  also  be  satisfactorily  resolved. 

SYSTEM  DESIGN:  SELECTION  OF  OPTIMUM  CHARACTERISTICS 

In  the  preceding  sections,  the  characteristics  of  the  illumination  in  the  picture 
volume  have  been  discussed  in  detail.  Specifically,  the  spatial  coherence,  the  tem¬ 
poral  coherence,  and  intensity  of  the  light  are  of  primary  importance.  The  limita¬ 
tions  imposed  by  the  resolution  capability  of  the  film  and  by  diffraction-limited  lens 
systems  have  been  considered  as  a  function  of  the  frequency  detail  in  the  particle. 

For  the  particle  size  range  from  3  to  30  u,  magnification  is  required  in  the 
camera  system.  Telescopic  systems  recreate  the  picture  volume  with  the  back¬ 
ground  illumination  perfectly  collimated  and  parallel  to  the  optical  axis.  Theoretical¬ 
ly,  if  the  telescopic  system  is  perfectly  corrected,  the  aberrations  will  be  only  those 
present  in  the  basic  process  that  forms  the  hologram  For  this  reason,  four  tele¬ 
scopic  lens  systems  have  been  provided.  The  aberration?  of  a  hologram  recording 
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system  have  been  discussed  by  Armstrong  and  Meier. 

Single  lens  systems  have  many  advantages.  Long  focal  length  lenses  can  be  used 
at  high  magnification  without  requiring,  expensive,  large  diameter  objective  lenses. 
The  long  focal  length  of  single  lenses  allows  the  lens  to  be  deeply  recessed,  so  that 
particles  and  debris  from  the  bomb  will  not  impinge  on  the  protective  lens  flat 

Details  of  the  full  lens  complement  are  given  in  Table  1.  The  minimum  theo¬ 
retical  particle  size  for  good  edge  detail  and  the  depth  of  field  of  the  sample  volume 
are  given  for  each  of  the  ten  lens  systems  that  have  been  supplied. 
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CHAPTER  6 


FILMS  FOR  HOLOGRAM  PHOTOGRAPHY 

Special  films  have  not  been  made  for  hologram  photography,  and  none  of  the 
commercially  available  films  ha^  ideal  characteristics. 

A  visual  examination  of  reconstructions  of  sample  particles  of  known  size  is 
probably  the  best  method  of  evaluating  the  over-all  reconstruction  properties  of  a 
film.  Many  defects  can  render  a  film  unsuitable  for  hologram  photography.  Some 
films  exhibit  clumping  tendencies  and  have  large  grains  that  can  be  seen  under  the 
microscope.  Many  films  have  an  objectionable  relief  image  that  is  caused  by  the 
swelling  of  the  gelatine  emulsion  during  processing;  this  variation  in  film  thickness 
causes  phase  distortion  in  the  hologram  image.  It  is  important  to  bear  in  mind  that 
the  hologram  reconstruction  requires  both  phase  and  amplitude  information  to  be 
faithfully'  recorded. 

Most  films  include  special  purpose  layers  that  are  objectionable,  because  they 
affect  the  phase  characteristics  of  the  film.  Some  of  these  coatings  are  applied  to 
the  back  of  the  base  layer  to  equalize  expansion  characteristics  (anti-curl),  to 
prevent  reflections  from  the  back  of  the  film  (anti-halation),  and  to  prevent  the 
build  up  of  static  charges  on  the  film  (anti -static).  Some  of  these  layers  can  con¬ 
tain  air  bubbles  or  inclusions  with  a  mean  diameter  of  approximately  10  p .  Such 
inclusions  can  cause  intolerable  noise  in  hologram  systems. 

The  general  requirements  of  film,  as  an  element  of  a  coherent  optical  system, 
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have  been  discussed  by  Leith, 

The  first  requirement  is  high  resolution  capability;  this  requirt ment  stems 
from  the  use  of  the  film  to  store  the  focusing  information  for  the  reconstruction  as 
well  as  the  object  detail,  as  discussed  in  Chapter  5  The  film  used  for  hologram 
photography  also  requires  sensitivity  at  a  single  frequency  in  the  spectrum,  at 
09-13  X  for  systems  that  use  the  ruby  laser  for  illumination  Most  panchromatic 
films  have  a  very  low  response  at  this  frequency  Infrared  films  have  good  re¬ 
sponse  r.t  6943  X,  but  they  have  sensitivity  in  the  infrared;  hence,  a  filter  is  neces¬ 
sary  to  block  off  radiation  at  longer  wavelengths  The  fastest  suitable  film  is  the 
Kodak  High  Definition  Aerial  Film,  Type  SO-243.  which  has  a  resolution  capability 
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of  110  lines/mm  at  50^  contrast  and  extended  red  sensitivity  with  a  peak  in  the 
response  at  approximately  6900  X .  The  high  speed  of  this  film  makes  it  suitable 
for  use  with  additional  collimator  magnification  to  provide  a  larger  picture  volume 
and  lower  signal -to-noise  ratio. 

The  highest  resolution  recording  media  that  we  have  encountered  in  our  re¬ 
search  is  Kodalith  Panchromatic  glass  plate.  It  has  the  disadvantages  that  it  is 
nearly  12  times  slower  than  the  best  film  and  it  must  be  used  in  a  single  exposure 
glass  plate  holder  that  allows  one  picture  per  test  explosion. 

3 

Gabor  has  shown  mathematically  that  processing  a  hologram  film  to  a  gamma 
of  2  will  restore  the  original  contrast  of  the  object,  and  he  has  also  shown  that,  if 
the  object  has  high  contrast  and  is  processed  to  a  gamma  higher  than  2, spurious 
resolution  will  add  extraneous  detail  to  the  picture. 

For  diffraction  patterns  of  very  low  intensity,  however,  one  can  improve  the 
contrast  by  developing  a  film  such  as  Kodalith  plate  to  a  gamma  of  8,  but  this  pro¬ 
cedure  has  the  disadvantage  of  making  the  exposure  extremely  critical  For  an 
exposure  change  of  only  0  1  density  units,  the  hologram  background  level  would 
change  by  0. 8  density  units.  Processing  to  a  high  gamma  does  not  improve  the 
signal-to-noise  ratio  and  is  recommended  only  when  there  are  objects  of  very  low 
contrast  that  cannot  otherwise  be  distinguished. 

The  H  and  D  curve  (density  versus  log  exposure)  provides  information  of  great 
importance  concerning  the  processing  of  the  film  and  the  correct  exposure  Pro¬ 
vided  that  the  film  is  carefully  processed  according  to  the  specifications  in  Table  2, 
the  slope  of  the  H  and  D  curve  will  be  2;  this  slope  is  called  the  gamma  or  contrast 
factor  of  the  film.  The  linear  dynamic  range  of  the  film  can  be  determined  from 
inspection  of  the  H  and  D  curve,  and  the  best  background  density  for  a  hologram  will 
be  located  at  the  center  of  this  dynamic  range. 

Table  2  presents  information  concerning  the  use  of  four  films  for  hologiam 
recording  The  films  were  evaluated  by  making  static  photographs  over  a  wide 
range  ot  exposures  of  small  particles  in  laser  light,  and  reconstructing  all  the 
photographs  to  determine  contrast  and  edge  sharpness  Developing  formulas  and 
processing  times  were  selected  to  give  a  gamma  of  2.  The  best  background  density 
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FILM  CHARACTERISTICS  AND  PROCESSING  DATA 


3« 


Development  tin  es  shown  are  for  agitation  during  5  sec  out  of  every  30  sec 


was  found  to  be  located  at  the  center  of  the  straightline  portion  oi  the  H  and  D  curve. 
The  modulation  transfer  function  characteristics,  which  indicate  the  number  of  lines 
per  millimeter  that  can  be  recorded  at  a  given  contrast,  were  obtained  from  the 
manufacturer  where  available, or  estimated  when  not  available. 

As  the  market  for  hologram  recording  film  increases,  a  special  film  will  prob¬ 
ably  be  made  with  extremely  high  resolution,  single  frequency  response,  flat  sur¬ 
faces  with  good  optical  homogeneity,  and  high  speed.  There  is  a  requirement  for 
a  film  that  will  have  a  linear  dynamic  range  of  2  or  more  when  developed  to  a 
gamma  of  2.  The  performance  of  hologram  systems  will  show  a  marked  improve¬ 
ment  when  films  especially  designed  for  hologram  recording  are  available. 


CHAPTER  7 


FLASH  FILTER 

The  flash  filter  prevents  film  exposure  due  to  the  flash  of  the  explosion,  laser 
pump  light. and  the  long  duration  Argon  flash  system  that  is  used  for  auxiliary 
equipment  illumination. 

Tests  to  determine  the  relative  intensity  of  the  flash  were  made  with  the  optical 
axis  of  the  camera  located  at  a  distance  of  2  ft  from  the  center  of  the  bombs.  The 
camera  shutter  remained  open  for  the  duration  of  these  tests  and  High  Definition 
Aerial  Film,  SO-243.  was  used  in  the  camera  to  record  the  flash  intensity. 

Film  exposed  to  the  flash  from  a  25-g  explosive  showed  negligible  exposure. 

The  100-g  explosive  caused  background  density  of  0.8.  The  combination  of  the 
100-g  explosive  and  a  120-g  Argon  flash  lamp  produced  a  background  density  of  1.84 

Narrow -band  interference  type  filters  were  found  to  be  unsatisfactory  for  this 
application,  because  their  multiple-layer  construction  caused  many  unwanted  inter¬ 
ference  fringes.  A  Kodak  No.  70  W ratten  filter  was  satisfactory.  This  filter  is  a 
high  band-pass  filter  with  a  sharp  low -wavelength  cutoff  of  6250  X  The  SO-243  film 
has  a  sharp  cutoff  at  approximately  7150  X.  and  the  resultant  combination  of  the  film 
and  the  W ratten  filter  produces  a  band-pass  filter  centered  at  approximately  6S00  X 
with  a  pass  bandwidth  of  approximately  600  X  . 

The  W ratten  filter  is  located  inside  the  camera  box.  No  detectable  exposure  of 
SO-243  film  has  been  recorded  when  the  cameu  has  been  operated  with  shutter  open 
under  the  ambient  conditions  of  explosive  charges  up  to  100  g  and  Argon  flash-lamp 
charges  up  to  120  g. 
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CHAPTER  8 


RECONSTRUCTION  SYSTEM 
GENERAL  DESCRIPTION 

During  the  reconstruction  process,  a  three-dimensional  model  of  the  micro¬ 
cosm  of  the  aerosol  cloud  is  produced.  Any  particle  in  the  picture  volume  can  be 
brought  into  focus  and  examined  at  will.  The  reconstructed  volume  has  a  scale  that 
is  related  to  the  picture  volume  through  the  lateral  and  longitudinal  magnification 
of  the  optical  system  utilized  in  the  laser  camera.  If  the  lateral  magnification  in 

the  camera  in  X  and  Y  directions  is  designated  by  M.  the  longitudinal  magnification 

o 

in  the  reconstructed  volume  is  equal  to  M".  This  relationship  holds  for  all  magni¬ 
fication  systems  and  can  be  derived  by  using  the  principles  of  geometrical  optics 
(Ref.  25,  p.  152)  The  components  of  a  reconstruction  system  are  a  light  beam 
with  good  spatial  and  temporal  coherence,  a  mechanical  stage  to  allow  precision 
location  of  the  hologram,  and  a  plane  for  viewing  or  recording  the  in-focus  objects 
(see  Figure  17). 

The  hologram  contains  the  superimposed  far-field  Fourier  transforms  and  the 
quadratic  phase  factors  that  determine  the  image  detail  and  the  wave  divergence 
reouired  to  properly  focus  each  individual  particle.  For  convenience,  the  recon¬ 
struction  recording  plane  is  fixed  in  this  system,  and  the  hologram  is  moved  to 
bring  all  the  planes  within  the  picture  volume  sequential!)  into  focus  on  the  recon¬ 
struction  plane. 

The  image  on  the  viewing  plane  can  be  visually  observed  on  a  ground  glass,  or 
it  may  be  observed  with  a  closed  circuit  television  camera  and  monitor.  The 
advantages  of  the  television  camera  system  are  that  the  contrast  of  the  object  may 
be  electrically  adjusted  to  produce  sharp  images  of  low'  contrast  objects,  and  small 
details  in  the  reconstructed  image  may  be  viewed  on  the  large  television  screen 
without  eyestrain. 


Figure  17.  Hologram  Reconstruction  System 


COMPONENTS 


RECONSTRUCTION  SOURCE 

A  helium-neon  gas  laser.  Spectra  Physics  model  130.  provides  a  coherent 
beam  with  a  diameter  of  1 . 6  mm  at  632S  X  The  magnification  in  a  plane  wave 
reconstruction  system  is  independent  of  the  frequency  of  light  that  is  used.  The 
power  of  this  laser,  when  operated  in  the  single  phase  mode,  is  0.3  m\V,  minimum. 
The  laser  has  only  two  controls:  a  power  switch  and  a  power  output  level  control. 

In  a  perfectly  clean  environment,  the  laser  will  operate  over  long  periods  of  time 
without  adjustment  Even  in  normal  laboratory  environments,  however,  contami¬ 
nants  can  collect  on  the  mirror  surfaces  and  will  lower  the  output  intensity  or  even 
cause  oscillations  to  cease  The  mirrors  can  be  quickly  cleaned  to  restore  power 
output  according  to  a  procedure  outlined  in  the  laser  instruction  book 

COLLIMATOR 

A  30  power  telescope  is  used  to  produce  an  enlarged  and  collimated  la^-er  beam 
with  a  diameter  of  2  in.  Approximately  2  square  inches  of  the  hologram  may  be 
photographed  in  the  recording  plane  at  a  moderate  magnification  <3X1  so  that  details 
in  the  hologram  can  be  faithfully  reproduced  on  Polaroid  or  Panatomic-X  film 
The  collimator  alignment  should  be  adjusted  with  thumb  screws,  so  that  the  beam 
is  precisely  on  the  optical  axis,  and  images  on  the  scanner  plate  will  remain  in  the 
same  relative  position  as  the  hologram  is  moved  through  the  complete  scanning 
distance . 

MECHANICAL  SCANNER 

The  scanning  stage  is  capable  of  looking  at  any  point  on  a  4  x  5 -in  film  over  a 
longitudinal  distance  of  125  cm.  A  4  x  5-in.  glass  plate  holder  or  a  70-mm  roll 
film  adapter  can  be  mounted  on  the  scanner  stage.  Motion  along  the  X  and  Y  axes 
can  be  controlled  by  means  of  position  knobs  connected  by  a  n  ?k  and  Dinion  drive 
to  the  film  stage.  Friction  brakes  are  provided  to  lock  the  X  and  Y  motion  at  a 
specific  point.  Longitudinal  axis  motion  (Z  axis  motion)  can  be  obtained  with  a 
reversible  94  rpm  motor  that  drives  a  lead  screw  haring  a  pitch  of  13  threads  per 
inch.  A  half-nut  engages  the  stage  for  mechanical  drive.  For  manual  movement, 
the  half-nu'  may  be  disengaged. 
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Figure  18(b).  Reconstruction  Scanner  with  Television  Readout 


Scales  are  located  on  the  X.  Y.  and  Z  stages  for  locating  the  position  of  images 
within  the  scanning  volume  with  an  accui'acy  of  1  mm.  The  operator  can  record  the 
frame  number  and  the  X.  Y.  and  Z  coordinates  of  reconstructed  detail  of  particular 
interest. 

All  mechanical  stages  are  mounted  on  three-point  mechanical  supports,  with 
ball  bearings  on  all  friction  surfaces.  Cylindrical  bearings  are  mounted  over  case- 
hardened  shafts  for  supporting  the  weight  of  the  X,  Y.  and  Z  stages.  An  assembly 
diagram  is  shown  in  Figure  18(a).  Figure  18(b)  is  a  photograph  showing  the  re¬ 
construction  scanner  with  television  readout. 
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CHAPTER  9 


FIELD  INSTALLATION 

Installation  of  the  camera  and  laser  light  source  is  shown  in  Figure  19.  The 
camera  is  supported  inside  the  test  chamber  on  a  rugged  framework  of  2-3 /4-in 
diameter  steel  pipe  that  is  fastened  together  with  U  bolts  and  locked  into  place 
between  floor  and  ceiling  with  six  12-ft  steel  jacks.  The  camera  may  be  moved  on 
its  supporting  platform  over  a  distance  of  approximately  2  ft  to  allow  lens  barrels 
of  different  lengths  to  be  fitted. 

The  entire  framework  that  supports  the  camera  and  light  tube  within  the  cham¬ 
ber  may  be  installed  with  only  a  wrench,  screwdriver,  and  level. 

The  camera  and  light  tube  are  purged  with  helium  gas  to  maintain  a  positive 
pressure  gradient  that  will  prevent  entry  of  smoke  from  the  explosion 

Blast  protection  for  the  laser  entrance  port  is  provided  by  two  glass  flats  that 
are  installed  at  each  end  of  the  light  tube  and  a  1/2-in.  aluminum  plate  and  rubber 
clamp  that  seals  the  port  on  the  inside  of  the  test  chamber. 

The  following  installation  and  alignment  procedures  are  suggested  for  field 
installation: 

1.  Install  all  floor  jacks  and  check  for  vertical  alignment  with  a  level. 

2.  Install  the  laser  light  tube  in  the  chamber  port  and  make  sure  that  it 
is  absolutely  level . 

3.  Observe  the  position  of  the  collimator  objective  lens  by  looking  dowm 
the  light  pipe  from  inside  the  chamber.  Center  the  objective  lens  by  adjusting 
screws  that  support  the  collimator  bed. 

4.  Illuminate  a  piece  of  paper  at  the  entrance  aperture  of  the  collimator 
with  a  flashlight.  Observe  that  this  illuminated  pupil  is  centered  when  observed 
from  the  end  of  the  light  pipe  inside  the  chamber. 

3.  Shine  a  flashlight  through  the  light  tube  and  the  collimator  from  the 
picture  volume.  A  demagnified  beam  will  emerge  from  the  collimator  eyepiece 
lens. 
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Figure  19.  Edgewood:  Laser  Camera  Installation 


6.  Center  the  pencil  of  light  on  the  sapphire  flat  by  moving  the  laser 
mounting  ring  in  the  X  and  Y  directions. 

7.  Adjust  the  Z  axis  laser  nount'ng  ring  screw  adjustments  and  watch 
the  sapphire  flats  from  a  point  near  the  collimator  eyepice  aperture  stop.  When 
the  correct  Z  axis  adjustment  is  obtained,  the  sapphire  flats  will  be  transparent 
and  the  yellow -green  Q-switch  will  be  seen. 

8.  Place  a  dark  piece  of  matte  paper  over  the  entrance  flat  of  the  laser 
light  tube.  A  mark  indicating  the  center  of  the  flat  should  be  made  on  the  paper. 
All  reflecting  surfaces  should  be  suitably  masked  off.  The  collimated  laser  beam 
should  be  centered  on  the  matte  paper. 

9.  Transfer  the  center  line  of  the  laser  light  tube  exit  flat  to  a  piece  of 
matte  paper  on  the  front  of  the  camera.  Ali  reflecting  surfaces  should  be  masked 
off.  The  laser  beam  should  be  centered  on  the  matte  paper  by  adjustment  of  the 

Z  axis  screws  in  the  laser  head  mounting  ring. 

10.  Adjust  the  0.087-in.  stop  that  determines  eyepiece  pupil  with  its  X 
and  Y  screws  to  include  only  the  portion  of  the  beam  directly  on  axis 

11.  At  this  point,  test  pictures  should  show  a  uniformly  illuminated  field 
with  the  3X  lens. 
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CHAPTER  10 


STANDARDIZATION  PROCEDURE 

Standardization  of  the  camera  and  reconstruction  system  can  be  obtained  by 
locating  samples  of  particles  having  known  size  distributions  at  various  Z  distances 
within  the  picture  volume.  A  wide  range  of  closely  sized  particles  for  standardiza- 

R 

tion  purposes  may  be  obtained  from  a  particle  bank  or  commerical  particle  service. 

Sample  particle  distributions  are  prepared  on  glass  cover  slides.  Dilute  hydro- 
sols  may  be  evaporated  to  leave  a  residue  of  standard  particles.  Solid  particulate 
matter  can  be  dusted  on  the  cover  glass.  An  excellent  three-dimensional  standardi¬ 
zation  target  can  be  made  by  using  two  cover  glass  slides  that  have  suitable  particle 
distributions  and  by  spacing  the  slides  accurately  by  a  known  distance,  such  as  1  cm. 
The  composite  standardization  target  should  be  placed  in  the  picture  volume  and 
photographed.  The  standardization  hologram  that  is  produced  has  the  following 
uses. 

1.  The  magnification  of  the  camera  can  be  accurately  checked  against  the 
known  sizes  of  the  standard  particles  by  measuring  particle  diameters  in  the  re¬ 
constructed  volume. 

2.  The  distances  between  the  planes  where  these  particles  reconstruct  is 

•7 

equal  to  M”  Az.  where  M  is  the  camera  magnification  and  Az  is  the  distance  between 
the  planes  in  the  three-dimensional  standardization  target.  This  gives  an  accurate 
check  on  the  camera  magnification  and  an  absolute  spatial  location  of  the  reference 
planes  in  the  target 

3  This  standardization  hologram  can  be  used  as  a  particle  size  calibration 
picture  for  records  that  are  taken  with  the  same  lens  combination  regardless  of  the 
magnification  that  may  be  added  during  the  reconstruction  process.  The  operator 
can  vary  the  magnification,  following  the  reconstruction  scanner  stage,  as  desired. 


* 

A  wide  range  of  closely  sized  particles  is  obtainable  from  Particle  Information 
Service.  600  South  Springer  Road.  Los  Altos,  California 
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to  bring  out  any  features  of  the  aerosol  cloud,  and  can  proceed  to  record  the  data 
on  photographic  film.  If  an  accurate  calibration  with  particles  of  a  known  size  is 
wanted,  the  operator  can  take  a  second  picture  to  obtain  an  accurate  scale  by  using 
the  standard  hologram. 

Standard  particles  of  microthene  and  lycopodeum  (in  two  planes  located 
1. 135  cm  apart)  are  shown  in  Figure  20.  Loss  of  the  low  energy,  high  frequency 
edge  detail  (Figure  20(c))  is  caused  by  the  underexposed  hologram  which  had  a 
background  density  of  0.5.  Standard  particles  properly  exposed  with  a  background 
density  of  1 . 0  are  shown  in  Figure  21. 
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(a)  Hologram  Plane 


(b)  Reconstruction  of 
Microthene  Particles 


(c)  Reconstruction  of 
Lycop odeum  Particles 


Figure  20.  Hologram  Reconstruction  of  Standard  Particles 
(Exposure  background  density  0.5) 
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Figure  21.  Hologram  Reconstruction  of  Standard  Particles 
(Exposure  background  density  1.0). 
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CHAPTER  11 


DYNAMIC  TEST  RESULTS 

The  hologram  camera  system  has  photographed  over  25  bombs  under  a  wide 
variety  of  conditions.  These  dynamic  tests  were  designed  to  evaluate  the  perform¬ 
ance  of  the  camera  while  photographing  high-velocity  particles  under  conditions  of 
shock,  high  ambient  light,  and  high  pressure. 

Variation  of  the  spacing  between  the  test  bomb  and  the  optical  axis  of  the  camera 
from  12  in.  to  several  feet  produced  different  shock  and  Hash  conditions  for  evaluat¬ 
ing  the  durability  and  performance  of  the  system.  Bare  explosive  charges  were 
used  to  produce  maximum  shock  and  light.  Type  number  31  plastic  spheres  were 
filled  with  a  variety  of  solids  and  liquids  to  simulate  various  dispersion  conditions. 
Four  aluminum  disc  dirpersion  "cannons"  were  designed  and  installed  to  enable 
standard  sized  particles  to  be  injected  into  the  picture  volume  for  testing  purposes. 

The  effects  of  the  physical  force  of  the  explosions  on  the  camera  support  frame 
and  floor  jacks  were  unexpected.  It  was  found  that  the  vibrations  caused  large  bolts 
and  even  the  floor  jacks  lo  loosen;  this  has  been  remedied  by  using  additional  locking 
devices  and  periodically  cheeking  the  tightnese  of  the  jacks. 

The  effects  of  the  120-g  Argon  flash  lamp  are  impressive  This  lamp  produces 
a  focused  light  (through  a  6-in  diameter  steel  pipe)  that  is  capable  of  burning  up  an 
aerosol .  On  one  occasion,  a  Type  UHF  connector  block  was  forced  inside  the  camera 
a  glass  film  plate  was  broken  due  to  the  sudden  increase  in  pressure  inside  the  cam¬ 
era.  A  cover  cap  has  been  installed  to  protect  this  connector.  With  this  exception, 
no  other  glass  or  camera  parts  were  damaged  during  the  test  sequence. 

Figures  22  through  27  illustrate  the  performance  of  the  camera  in  recording 
expanding  aerosol  clouds.  Figure  It  shows  the  hologram  plane  and  three  reconstruc¬ 
tions  of  the  cloud.  Figure  23  is  a  static  shot,  but  it  recorded  many  particles  in  the 
chamber  atmosphere.  Figure  24  shows  a  large  piece  of  debris  in  the  expanding  cloud 
Figure  25  shows  a  water  plume  from  a  liquid  dispersion  test  Figure  26  shows  the 
hologram  of  an  optical  discontinuity;  reconstruct' -ms  are  not  Included  because  the 
original  negative  is  overexposed,  but  the  traces  visible  in  this  hologram  clearly  re- 
consturct  in  planes  in  the  picture  volume  that  are  separated  by  25  cm  It  seems  pos¬ 
sible  that  this  hologram  may  be  two  shock  waves.  Figure  27  contains  a  hologram  and 
two  reconstructions. 


51 


(*)  Hologram  Plane 


(b)  Reconstruction 


(c)  Reconstruction 


Figure  23  Ststic  Hologram  Reconstruction 
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Figure  24.  Reconstruction:  Debris  in  Expanding  Cloud 


Figure  25 


Reconstruction:  Water  Piume  in  Liquid 
Dispersion  Test 


Figure 


H  >!  ^rum  Shock  Waves  (The  two  cross,™ 
holograms  are  continues  patterns  in  an 
optical  discontinuity  The  lines  do  not  cross 
m  tnree-dmensiona!  space.  thev  are  sepa¬ 
rated  by  more  thar.  J  cm  t 


(a)  Hologram 


(b)  Reconstruction 


(c)  Reconstruction 


Reconstruction 


CHAPTER  12 


CONCLUSIONS  AND  RECOMMENDATIONS 
CONCLUSIONS 

The  basic  mathematical  predictions  and  experimental  results  of  Parrent  and 
Thompson  provided  a  foundation  for  the  practical  design  and  synthesis  of  a  holo¬ 
gram  camera  and  reconstruction  system  that  has  been  reduced  to  a  practical  opera  ¬ 
ting  instrument  for  the  evaluation  of  explosively  generated  aerosols. 

A  new  tool  was  developed  under  this  contract  that  should  contribute  substantially 
to  the  art  of  aerosol  measurement.  Measurements  made  in  situ  of  a  considerable 
aerosol  volume,  in  a  period  of  only  20  nsec,  are  sufficiently  fast  to  study  the  dy¬ 
namic  formation  of  aerosol  clouds.  The  hologram  camera  can  offer  an  important 
method  of  evaluating  the  performance  of  commonly  used  impactors  and  other  aero¬ 
sol  measuring  techniques  that  involve  separation  of  the  aerosol  particles  due  to  the 
anisokinetic  sampling  which  is  inherent,  in  their  principle  of  operation. 

The  original  objectives  of  the  contract  were  to  measure  particles  in  the  e*  - 
panding  cloud  of  an  explosively  disseminated  aerosol  cloud  over  a  particle  range  of 
3  to  30  p.  These  objectives  have  been  met  under  operating  conditions.  During 
Phase  I.  a  bench  model  of  the  hologram  camera  was  set  up,  and  the  resolution  of 
presized  particles  in  the  3  to  30-p  range  was  demonstrated  at  a  magnification  of 
10 X  The  theoretical  requirements  of  film  resolution  were  determined  and  verified 
experimentally.  The  requirements  for  spatial  and  temporal  coherence  character¬ 
istics  of  the  illumination  were  computed  and  used  as  the  design  criteria  for  deter¬ 
mining  an  optimum  configuration  for  the  laser  collimator.  A  4  x  5-in  format  was 
selected,  so  that  the  camera  would  be  capable  of  recording  large  aerosol  volumes, 
and  also  be  used  with  a  wide  variety  of  recording  media 

The  techniques  and  model  for  measuring  particles  at  high  velocities  were  devel¬ 
oped  in  Phase  II  Factors  taken  Uito  consideration  were  the  particle  flow  rate, 
particle  concentration,  and  adequate  protection  from  physical  damage  due  to  a  hock 
and  contamination 

The  assumption  that  particles  could  be  recorded  if  the  particle  moved  no  leas 
than  one-tenth  of  the  particle  diameter  during  the  exposure  proved  to  be  a  sound 


criterion,  and  a  laser  with  minimum  pulse  length  and  sufficient  power  to  expose  ihe 
f’lm  was  selected.  Particle  concentrations  as  high  as  100,  000  particles  per  cubic 
centimeter  were  recorded  for  an  aerosol  with  a  mean  diameter  of  approximated  10p 
The  limit  on  the  concentration  that  can  be  recorded  is  determined  by  »he  scattering 
and  diffraction  of  light  in  the  illuminating  beam  that  causes  a  loss  of  the  valuable 
coherence  properties  of  the  illumination 

Op^cal  flats,  which  can  oe  readily  replaced  as  required,  were  provided  to  pro¬ 
tect  the  camera  from  shock  and  contamination  Modest  amounts  of  particulate  matter 
that  impinge  on  the  flats  have  little  effect  on  the  operation  of  the  hologram  camera 
because  these  particles  reconstruct  at  a  considerable  distance  awav  from  the  particles 
in  the  picture  volume  The  level  of  contamination  in  the  test  chamber  caused  by 
dissemination  products,  debris,  and  auxiliary  light  sources  dictated  the  design  re¬ 
quirements  for  maintaining  a  positive  helium  pressure  of  5  ra'  within  the  camera 
and  light  tube. 

Research  in  high  velocity  measuring  techniques  was  materially  aided  by  the 
construction  of  four  disc  test  particle  disseminators  that  aerosolized  standard  par¬ 
ticles  by  rupturing  an  aluminum  diaphragm  with  nitrogen  gas  at  300  psi  A  22 
caliber  air  pietol  was  used  to  disseminate  particle  samples  in  small  quantity  by 
firing  a  gelatin  capsule  through  the  pistol  and  breaking  the  capsule  at  the  muzzle 
against  a  thin  wire  This  pistol  disseminator  made  possible  the  photographing  of 
particles  traveling  at  300  fps  under  laboratory  conditiono 

The  Buccess  of  the  early  bench  model  of  the  aerosol  camera  suggested  that  the 
usable  size  range  and  utility  of  the  instrument  might  be  extended  to  adapt  the  camera 
for  the  aerosol  decay  studies  Accordingly,  ;.i  the  early  stages  of  Phase  III,  the 
original  requirerr  :nts  were  modified  to  supply  the  necessary  components  to  extend 
the  capability  of  the  instrumentation  A  wider  ''hoiee  of  ienses,  a  remotely  operated 
film  magazine,  a  shutter,  and  a  recording  capability  of  one  picture  per  minutt  were 
provided  Because  the  original  camera  w&  designed  with  a  modular  concept,  no 
redesign  was  retired,  and  only  the  interchange  of  components  was  necessarv 

K  wide  relection  of  lenses  and  film  backs,  were  designed  to  make  definitive 
pictures  of  aerosols  with  mass  mean  diameters  from  3  to  1000  u  or  larger  The 
ratio  of  the  .olume  of  the  particles  included  in  thm  range  of  diameters  is  approxi  ¬ 
mately  5  x  10  The  mechanical  components  were  constructed  -n  accordance  with 
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the  detailed  final  design  requirements.  Included  were  the  mechanical  design  of 
lens  shock  mounts  the  rugged  support  required  to  hold  the  camera  and  laser  in 
optical  alignment,  the  remote  camera  control,  and  a  precision  mechanical  stage 
for  moving  the  hologram  in  three  dimensions  during  the  reconstruction  process.  A 
helium-neon  gas  laser  was  selected  for  the  reconstruction  illumination  because  it 
has  excellent  coherence  properties  and  a  sufficient  intensity  to  permit  Polaroid 
pictures  of  reconstructions  to  be  made  rapidly  to  record  various  dissemination 
s-ates.  The  efforts  during  this  phase  were  culminated  in  the  fabrication  of  a  final 
instrument  which  was  delivered  to  the  U.  S.  Army  Edgewood  Arsenal  and  installed 
under  the  supervision  of  Tech/ Ops. 

A  thorough  proof  testing  of  all  hologram  camera  system  components  was 
accomplished  during  the  first  week  of  on-site  tests  at  the  Edgewood  Arsenal  cham¬ 
ber.  The  magnitude  of  the  stray  light  of  the  flash  from  the  explosive  and  from 
auxiliary  illumination  was  measured.  Important  static  calibration  tests  were  made, 
but  the  dynamic  testa  were  marred  by  laser  failure  caused  by  a  freak  condition 
where  a  random  reflection  inside  the  laser  cavity  pitted  the  prism  and  the  Q-switch. 
The  offending  reflecting  surface  was  suitably  masked. 

A  second  week  of  on-site  tests  produced  excellent  pictures  of  explosively  dis- 
seminatfed  aerosol  particles  In  situ.  It  proved  difficult  to  supply  precise  timing 
pulses  to  synchronize  the  laser,  so  that  the  picture  could  include  a  portion  of  the 
leading  edge  of  the  expanding  aerosol  cloud.  The  operating  technique  was  improved, 
however,  (by  the  chamber  support  group)  and  holograms  were  made  at  any  desired 
point  in  time, 

RECOMMENDATIONS 

Numerous  disseminations  have  been  recorded  by  Edgewood  personnel  that  show 
excellent  detail  cf  the  aerosol  dissemination  process  and  demonstrate  the  feasibility 
of  the  assessment  of  explosively  generated  aerosols  on  a  routine  basiB,  using  the 
techniques  and  instrumentation  system  designed  by  Technical  Operations  under 
Contract  No.  DA  18-035-AMC-256(A).  However,  further  research  to  develop  films 
ideally  suited  for  hologram  photography  would  improve  the  fidelity  of  the  pictures, 
for  the  particular  requirements  of  explosive  aerosol  evaluation,  a  custom  lens 


design  with  the  following  objectives  would  make  a  lens  for  the  coherent  light  hologram 
camera  that  would  offer  a  new  quality  and  performance  level  for  the  hologram  camera: 

1.  A  low  F  number  lens  with  a  minimum  number  of  elements, 
for  operation  at  one  frequency,  with  stray  light  reflected 
from  internal  surfaces  of  0. 1%  or  less  per  surface 

2.  A  design  encompassing  aberration  correction  for  objects 
in  the  picture  volume 

3.  The  practical  addition  of  a  disposable  replaceable  outer 
element  that  could  be  changed  as  required. 

Further  research  to  produce  films  and  lenses  especially  adapted  to  the  require¬ 
ments  of  hologram  photography  also  would  improve  the  signal -to-noise  ratio  of  the 
hologram  systems.  (The  signal  component  may  be  the  amplitude  and  phase  informa¬ 
tion  from  a  single  3-p  particle;  the  noise  r  'ponent  is  the  spurious  amplitude  and 
phase  information  from  sources  such  as  scattering  from  lens  surfaces,  variations 
in  film  thickness,  and  nonlinear) ties  in  film  characteristics. ) 

To  ensure  the  continuity  erf  the  scientific  effort  so  that  the  maximum  utility 
and  benefits  may  oe  obtained  from  the  new  holographic  technique,  it  is  recommended 
that  a  program  be  established  with  the  following  goals  to  be  achieved: 

1.  Modification  of  existing  components  to  effect  increased  facility 
of  operation,  and  augmented  utility  as  determined  by  new  field 
reqin  rements 

2.  Investigation  of  diffraction  of  light  by  ultrasonic  waves,  and 
determination  of  the  requirements  for  recording  three- 
dimensional  shock  wave  patterns. 

3.  Theoretical  Investigation  of  factors  required  to  improve  the 
signal -to- noise  ratio,  and  specification  of  a  practical  program 
to  achieve  increased  signal  -to-noise  ratio.  (At  the  conclusion 
of  the  theoretical  investigation,  the  contract  monitor  would  have 
the  option  of  granting  approval  for  the  practical  modifications 
required  to  Improve  the  signal-to-noise  ratio. ) 
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4.  Theoretical  analysis  and  effect  of  aberrations,  and  determina¬ 
tion  of  optimum  configuration.  (This  analysis  would  evaluate 
the  factors  that  would  compose  an  ideal  lens  design.  A  decision 
point  would  be  presented  for  actual  lens  design  il  required. ) 

5.  Theoretical  Investigation  of  the  desirable  film  characteristics 
v  here  the  film  is  a  component  of  a  coherent  system.  (Imme¬ 
diate  goals  would  be  a  linear  dyiaiude  range  of  1. 6  log  exposure, 
high  resolution,  and  uniform  phase  characteristics. ) 
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